Understanding the Catalytic Mechanism of Xanthosine Methyltransferase in Caffeine Biosynthesis from QM/MM Molecular Dynamics and Free Energy Simulations.
S-Adenosyl-l-methionine (SAM) dependent xanthosine methyltransferase (XMT) is the key enzyme that catalyzes the first methyl transfer in the caffeine biosynthesis pathway to produce the intermediate 7-methylxanthosine (7mXR). Although XMT has been a subject of extensive discussions, the catalytic mechanism and nature of the substrate involved in the catalysis are still unclear. In this paper, quantum mechanical/molecular mechanical (QM/MM) molecular dynamics (MD) and free energy (potential of mean force or PMF) simulations are undertaken to determine the catalytic mechanism of the XMT-catalyzed reaction. Both xanthosine and its monoanionic form with N3 deprotonated are used as the substrates for the methylation. It is found that while the methyl group can be transferred to the monoanionic form of xanthosine with a reasonable free energy barrier (about 17 kcal/mol), that is not the case for the neutral xanthosine. The results suggest that the substrate for the first methylation step in the caffeine biosynthesis pathway is likely to be the monoanionic form of xanthosine rather than the neutral form as widely adopted. This conclusion is supported by the pKa value on N3 of xanthosine both measured in aqueous phase and calculated in the enzymatic environment. The structural and dynamics information from both the X-ray structure and MD simulations is also consistent with the monoanionic xanthosine scenario. The implications of this conclusion for caffeine biosynthesis are discussed.